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Combining Eqs, (1) and (2) also gives the local equilibrium condition between B in the alloy phase and 80 in the oxide phase: ( 5) In the subscale zone, the total amount of oxygen per mole of alloy is N 0 + r, where r is the ratio of the number of moles of precipitated oxide to the number of moles of metallic components of the alloy. Thus, assuming that the amount of precipitated oxide is small, so that volume changes and blockage of the diffusion by the precipitate can be neglected, the rate of change of the total amount of oxygen per mole of alloy at position x is given by ( 6) which can be rearranged to give ( 7) are 
(10)
oxygen dissolution in the alloys follows Henry's law, then r can be expressed as a function of N 0 , the atomic fraction of dissolved oxygen.
n /sy~N 0
This then is the relationship required to substitute in Eq. (7) for (12) with (13) and, as was indicated earlier [1] , ar/aN 0 can be taken as constant for these types of systems when Eq. (12) has a normal error function solution:
Di sion oxygen ahead of the internal oxidation zone, x > x 2 , According to Swisher and Turkdogan [5] , the diffusivity of at 1 OoC is L9 x 10~5 cm 2 ;s, while the diffusivity of fvln ·in anoy at the same temperature is 6.3 x 10-lO 2 ern /s [6] . Thus, the assumption that there is no counterdiffusion Mn during internal oxidation is entirely valid. Both Fe-Mn [7, 8] and FeO-MnO [9] can be considered as thermodynamically ideal, with the following free-energy changes taken from Kubachewski et al. [10] .
Thus, the values of the thermodynamic constants, ~' and s, defined earlier, can be calculated. These are given in Table I for a temperature of 1350°C.
The dissolution of oxygen in Fe from H 2 tH 2 o mixtures was represented by [3] 
where Q denotes oxygen in solution and the equilibrium constant for this reaction is given as [5] PH [oluO] log ~2- ~GO= 57250-4,48T log T + 2.21T
• the Henrian activity coefficient for oxygen solution in Fe is ained. These data are included in Table I . Using these data, the parameters included in Table II have then been calculated from the equations presented earlier.
The parameter y 2 is a measure of the rate of propagation of nal oxid ion front into the alloy as defined by Eq. (17).
Tfri s can convert to the measured parameter, a 2 , as defined by
Swisher [3] , where
Thus, the present analysis gives a value of a of 4.6x10 /s, which is somewhat greater than that measured Perhaps a better test of the current analysis is to compare the calculated and measured Mn~concentration profiles. Unfortunately, no measurements of the fraction of internal oxide particles or their composition are available. However, the measured Mn-concentration profile in the internal oxidation zone is included in Fig. 1, which has been plotted as a function of dimensionless distance to nullify uncertainties in the precise depth of the internal oxidation front.
The agreement in shape and in absolute value is considered an acceptable test of the current analysis. The concentration profile calcul according to Swisher's analysis is also included but, due to the assumptions made, there was a physically unlikely di inuity at the alloy/internal oxide interface. Thus, the thermodynamic constants n and s can be calculated, and ir values llOO"C are given in Table III . These parameters also permit the calculation of the Ni-Co~p 0 diagram, and this 2 is shown in Fig. 3 .
Ferguson and Stott [4] have studied the oxidation behavior of Ni-Co alloys in the temperature range 1000-1200°C in 1 atm oxygen. oxidation, have been well-modeled by solving the appropriate diffusion equations [13] , and show very good agreement with experimentally determined profiles. In the present context, the ant parameter is the scale composition at the surface scale/alloy interface, which is given under these conditions [14] : wt. percent Co. The value for the latter alloy is shown on the phase diagram in Fig. 3 as point f. The oxygen activity at the alloy/surface scale interface is also fixed by the scale composition at point f, and because of the usual and reasonable accumption of local thermodynamic equilibrium between surface scale and alloy, the alloy composition is also fixed, point e. As indicated earlier, however, diffusion in the underlying alloy is very slow compared to the growth of the surface scale; and depletion in Co, the selectively oxidized element, will penetrate only a negligible distance into the alloy. In addition, the diffusion rate of oxygen into the alloy is also considerably greater than the alloy interdiffusion coefficient: The limited data for oxygen diffusion in pure Ni indicate values of the diffusion coefficient in the range ~8 ~6 2 0 6.3 x 10 to 1.3 x 10 em/sat 100 C [15] . Thus, as indicated earlier, any overall change in the ratio of Co toNi in the internal oxidation zone is unlikely, although the oxide phase will be enriched in Co, and the alloy phase correspondingly depleted. Thus, the overall ratio of metallic components averaged over oxide and alloy phases in the internal oxide zone remains equal to the ratio in the bulk alloy, and the diffusion path in the subscale zone adopts a right~angle shape.
As indicated in an earlier paper [1] , it would be unrealistic for the right-angled portion of the diffusion path to contact point e, representing the alloy/surface scale directly, since it would then cut right across the two-phase alloy plus scale field and into the single-phase scale field (fedcba in Fig. 3 ). Therefore, there is a thin band of alloy phase, represented by ed, separating the surface scale from the subscale zone. The precise reason for this is not entirely clear, but is observed experimentally.
The exact location of point d, where the subscale zone commences, cannot be determined a priori unless the maximum fraction of subscale is known. In the present analysis it has been assumed that this is 0.3, in accord with Rapp's observations [16] that this is the critical volume fraction of internal oxide at which transitions from exclusion internal oxidation to external scaling occurs.
One further assumption is necessary. The oxygen solubility in the Ni-Co alloys has not been determined. As a consequence, it has been necessary to assume that the Henrian activity coefficient for dissolution in the alloy is unity and independent of alloy composition. Thus, the atomic solubility of oxygen is given as
Using the data included above and the experimentally determined constants for growth of the surface scale converted into rate constants K 1 which relate to the displacement of the alloy/surface scale interface (summarized in Table III ), Eq. (16) was solved to
give K 2 , the rate of penetration of the front of internal oxidation. Then Eqs. (1), (2), (8), and (14) were solved to give the composition of the alloy, the composition of the internal oxide, the fraction of internal oxide, and the concentration of dissolved oxygen throughout the subscale zone.
The resulting profiles are shown in Figs, 4 and 5 for the 
